In order to understand the impact of volcanism and intrusion on the source rocks, how the pores and fissures formed and how the hydrocarbon was trapped, this study focuses on the formation mechanisms of the igneous rock plays in the Huimin Sag based on geochemical and lithological analyses and typical anatomy. The results indicate that volcanism enhanced the formation of Es 3 source rocks with high TOC (3.41-5.12%) in the distribution areas of igneous rocks. Volcanism caused an abnormal heat field and accelerated the maturation of hydrocarbon source rocks, leading to a higher heat gradient (3.4-4.4 °C /100 m), increase of HC and chloroform bitumen "A" contents, earlier hydrocarbon generation threshold and higher biomarker maturity closer to the igneous rocks. The primary fractures, vesicular structures, inter-breccia pores, intergranular pores, intercrystal and intracrystal pores are primarily-formed. The structural fractures and corrosion space are secondarily formed. Rising fluid pressure associated with volcanism accelerated the hydrocarbons expulsion. Igneous body can act as a migration pathway or a seal constrained by its physical property. Volcanism in the Huimin Sag produces diaper arch trap, overlap trap in volcano slope and drape anticline trap on the volcanic cone. Five models for igneous rocks plays in the Huimin Sag, such as volcaniclastic play with outside source rocks, diabase plays with interior and exterior source rocks, basalt plays with exterior and mixed source rocks are proposed.
INTRODUCTION
The exploration of igneous rock hydrocarbon reservoirs has been ongoing for more than 120 years. Many igneous rock hydrocarbon reservoirs were discovered in the world with thick producing intervals and huge reserves, such as the West Roze basalt reservoir of USA, Samgori tuff reservoir of Georgia, Cristale basalt-tuff reservoir of Cuba, Jatibaran basalt reservoir of Indonesia, Yoshii-Kashiwazak rhyolite reservoir of Japan, 15-2-RD 1X granite reservoir of Viet Nam and so on (Petford and McCaffrey, 2003; Schutter, 2003a; Potter and Konnerup-Madsen, 2003) . Recently, with further investigation of conventional reservoirs, petroleum geologists have paid great attentions to igneous rocks hydrocarbon reservoirs (Luo et al., 2003; Schutter, 2003b; Zou et al., 2008) . Previous studies have referred to the volcanic rocks as oil and gas reservoirs and/or seals (Dong and Yang, 1988; Chen, 1992) . Meanwhile, the high heat flows introduced by igneous activity have significantly affected the source rocks through prompting maturity and accelerating hydrocarbon generation (Zhu et al., 2007) .
Several igneous rock hydrocarbon fields have been discovered in China during 50 years of exploration. From 2000 on, Bohaiwan, Songliao, Erlian, Junggar, Tarim and Sichuan Basins attained significant breakthroughs in prospecting in reservoirs related to igneous activity (Yang et al., 2006; Kuang et al., 2007) . Meanwhile, the distribution areas of the Mesozoic volcanic rocks in east Zhejiang-Fujian-Guangdong Provinces and of the Mesozoic-Cenozoic volcanic rock in Haijiao Arch, Changjiang, Qiantang and Oujian subsags of East Sea Continental Shelf Basin have become the new areas for petroleum exploration (Lin and Xu, 1995; Lu et al., 2003) . In 2006, PetroChina reported 47821.3ϫ10 4 t proved oil reserves and 1249.2ϫ10 8 m 3 proved gas reserves from igneous rock reservoirs in its holdings. Oil resources from igneous rock reservoirs for the entire country have been estimated at 73000ϫ10 4 t (Zou et al., 2008) . The Huimin Sag is an enriching area for volcanic and sub-volcanic intrusive hydrocarbon reservoirs in east China. In 1974, the L41-10 well drilled in Lipan area of the Huimin Sag accidentally discovered hydrocarbon in Es 2 (2nd member of Paleogene Shahejie Formation) diabase reservoir. In 1985 the Sh84 well drilled in the Shanghe area discovered hydrocarbon in Es 3 (3rd member of Paleogene Shahejie Formation) diabase reservoir. In 1997 the Sh741 well drilled in Shanghe area penetrated oil zones with high flow rates in Es 3 diabase and Es 1 (1st member of Paleogene Shahejie Formation) pyroclastic reservoirs.
Several studies have been conducted with an emphasis on the general characteristics of the petroleum geology of the Huimin Sag (Li, 1994 (Li, , 1997 Cao et al., 1999; Xu et al., 2003; Wu et al., 2003; Chu et al., 2004; Yue et al., 2006; Song et al., 2007; Zhang et al., 2008) . This paper focus on the formation mechanisms of igneous rock plays in the Huimin Sag, with a particular emphasis on the impact of volcanism and intrusion on source rocks, reservoir characterization and hydrocarbon accumulation.
GEOLOGICAL SETTINGS
The Jiyang Depression is located in the northeast Shandong Province, east China (Sun et al., 2009a) , with an area of 26000 km 2 ( Fig.1) , hosting the second largest oil field in China -Shengli oil field. It is an oil-enriched half-graben-like depression, formed on the basements of North China Platform during the Mesozoic-Cenozoic (Zong et al., 1999; Sun et al., 2006) and constrained by Chengning and Luxi Rises in the Bohaiwan Basin. Yanshan and Himalayan orogenies resulted in a series of extensional sags, causing the basin to form a tectonic framework of alternation of arcs and sags (Ji et al., 2008; Wang and Wu, 2009; Yu et al., 2009) . The Jiyang Depression consists of a thick succession (10000 m) of Paleogene and Neogene volcanic rocks (Li, 1994 (Li, , 1997 . Detailed geological characteristics of the entire Jiyang Depression have been summarized by many authors (e.g. Liu and Yang, 1998; 2004; Shuai, 2004; Liu et al., 2008) .
The Huimin Sag is the biggest sub-structural unit of the Jiyang Depression, which is parted from the Chengning Rise by Linxian-Yangxin fault in the north and from the Luxi Rise by Qihe-Guangrao fault in the south, connected with the Dongying Sag in the east and Yucheng Sag in the west (Fig. 1) . Oil source correlation indicates oils in the Huiming Sag were mainly from Es 3 source rocks in the Linnan Subsag (Zhu et al., 2006) . Constrained by the favorable hydrocarbon-generating areas, about 90% oils reserves discovered in the Huimin Sag were distributed around the Linana Subsag, forming Linpan, Linnan, Shanghe, Qudi and Yuhuangmiao oil fields (Tan and Jiang, 2003; Zhu et al., 2006) . There are 6 oil-bearing horizons, i.e. member 1-4 of the Paleogene Shahejie Formation (Es 1 , Es 2 , Es 3 , Es 4 ), Dongying Formation(Ed) and Neogene Guantao Formation (Ng). The Huimin Sag is one of the active volcanism areas in the Jiyang Depression. Volcanism, before the generation of hydrocarbon, was centered in the Es 3 -Ed phase.
SAMPLES AND EXPERIMENTS
About 80 black mudstone samples were collected in east and west part of Yangxin subsag at intervals of several meters for vitrinite reflectance measurement and bitumen extraction. These samples were ground and polished to produce surfaces on which the average vitrinite reflectance (R o ) was measured. The reflectance measurements were conducted using a Leitz Compact microphotometer in plane polarized light. Measurements were made at 546 nm with oil-immersion ϫ50/0.85 objective (Sun et al., 2010) .
For bitumen extraction, the above mentioned samples were crushed into powder in a rotary mill. The powdered samples were Soxhlet extracted for 48 hours with 400 ml azeotropic solvent mixture of dichloromethane/methanol (93:7 v/v). Then asphaltenes were removed by ligarine. Subsequently those deasphaltened crude oil samples were fractionated into saturate, aromatic and polar fractions by SiO 2 /Al 2 O 3 (2:3) column chromatography.
Also 10 oil-bearing sandstone, breccia and basalt samples were collected for Soxhlet extraction. The GC-MS analysis of aromatic fractions was performed on a HP5890-α gas chromatograph coupled with HP-5971 series mass selective detector (MSD), operating in full scan acquisition mode. The GC column is HP-5MS silicon capillary column (30 mϫi.d.0.25 mmϫ0.25 µm). Temperature programmed for aromatic fraction: oven temperature was held at 60 °C for 2 min, ramped to 150 °C at 8 °C·min
Ϫ1
, then to 320 °C at 4 °C·min
, and held for 10 min. The scan range was approximately 50-550 amu. Injector temperature was 280 °C. Helium was used as carrier gas at 1.4 mL·min 
OCCURRENCE OF VOLCANIC ROCKS 4.1. West of Huimin Sag
Regional tectonic movements controlled the cycles of the volcanism and occurrence of volcanic rocks and sub-volcanic intrusions (Chu et al., 2004) . The igneous rocks in the west of the Huimin Sag are widely distributed in the east and rarely in the west, whereas the volcanic activity was intensive in the north but weak in the south (Fig. 1) . The igneous rocks occur along both flanks of Linyi fault. Intersection of faults is the focus for most intense volcanic eruption and intrusion, such as Linpan and Dalujia areas. Yuhuangmiao is also an active volcanism area for its location of the intersection of Linyi and Yingzijie faults. Igneous rocks formed by multiple phases do overlap, resulting in the finger-liked contacts between different types of igneous rocks.
East of Huimin Sag
The Yangxin Subsag is the main area of the volcanic rock and intrusion in the east of the Huimin Sag. Volcanic rocks and intrusions are located along the Shangdian structural belt, east part of the Huicheng nose-like structure, with Laojiadian, Wenjia and Linyi faults in the northeast, northwest and southwest respectively. The lithologies and lithofacies of igneous rocks are diverse, including intrusive rocks of hypabyssal facies, effusive rocks of overflow facies and volcaniclastic rocks of explosive facies and so on. Volcano related rocks are mainly basalt and subordinately diabase in Es 3. Crater is located at well Y17 with partly coarse basalt and gradually changes into volcanic slope and distal crater sediments toward well Y25 (Fig. 2a) , which are characterized by basalt mixed with a small portion of mudstone and limestone. Vertically effusive and intrusive rocks overlapped, forming interbeds with dark mudstones of Es 3 . Intrusive rocks are distributed along the well Y18-Y15-Y26, with a thickness of 649.5 m in well Y15.
Eruption was weak in Es 4 , causing major intrusive rocks and rare effusive rocks. The magmas were intruded along the Shangdian fault from north to south on a large scale and distributed along well Y18-Y17 in lithology of diabase, up to 387.5 m in thickness. Two sets of basalts occur in the southwest of well Y25 and Y19 with a small coverage (Fig. 2b) .
EFFECT ON THE SOURCE ROCKS BY VOLCANISM 5.1. Enhance the formation of source rocks
Volcanism in sedimentary basins can bring about abundant nourishments, such as mental minerals, N and P for organisms in sedimentary basins (Yin and Wang, 1995; Gries, 1997) and, thus, enhance the formations of hydrocarbon source rocks (Jin, 1998) In early-middle Es 3 phase, the climate is mild and humid. The Huimin Sag is in the stage of lake expansion. Volcanism was active during this time and provided a favourable environment for aquatic lives conducive for organics accumulation. As a result, sets of excellent source rocks were deposited in upper Es 3 ( 
Accelerate the hydrocarbon generation
Volcanism could cause an abnormal heat flow field and, hence, accelerate the maturation of hydrocarbons in the source rocks (Galushkin, 1997; Chen et al., 1999; Sun et al., 2005; 2009b) . The abnormal heat flow can raise the palaeo-temperature and heat gradient of an area. The heat gradient of igneous rocks area is 3. 4-4.4 o C/ 100 m (Fig. 2c, d ), sharply higher than the average 3.1-3.2 °C/100 m of whole Huimin Sag.
In addition, secondary alterations of igneous rocks are capable of releasing some components that could reduce the generation threshold of hydrocarbon sources or catalyze hydrocarbon generation in sediments (Coveney et al., 1987; Mango, 1992; Jin et al., 1999; Wan et al., 2001; Sun et al., 1998; . We can see from Figure 3 , for Es 3 source rocks in the areas without igneous rocks, contents of chloroform bitumen "A" and HC are low in depth less than 2000 m, begin to slowly increase in the interval of 2000-2800 m and sharply increase when deeper than 2800 m, indicating the entrance of mature stage. In contract, source rocks in the areas with igneous rock are immature in depth less than 1800 m, with contents of chloroform bitumen "A" and HC slightly higher than in the corresponding horizons of igneous rock area. Chloroform bitumen "A" and HC increased rapidly in interval of 1800-2600 m and reach the peak of hydrocarbon generation till 2500 m.
Vitrinite reflectance (R o ) is the most useful parameters to describe the maturity of hydrocarbon source rocks and is very sensitive to the heat released by igneous body. For the west part of Yangxin subsag without igneous rocks, profile of R o -H shows a strong correlation (Fig. 4a) , indicating the hydrocarbon generation threshold is 2800 m in depth. While for the east part of Yangxin subsag with igneous rocks, R o value increased sharply to 0.55% in 2400 m, reaching the threshold of hydrocarbon generation (Fig. 4b) . Due to the similar continuous burial history, stratigraphic reason is excluded and effect of igneous rocks is proposed, shallowing the depth of hydrocarbon generation threshold up to 400 m. Aromatic biomarkers of Es 2 oil samples from Linnan and Linpan oil fields in the center of Linnan Subsag show higher maturity than that from Shanghe oil field near Central Uplift Belt, demonstrating a trend of the deeper burial, the higher thermal maturity (Table 1) . But for the samples of different horizons from Shanghe oilfield, an irregular variation of maturity is evident (Table 1) . Due to the abnormal thermal effect of volcanism (Liu et al., 2000) , for example, well S74-13(Es 1 ) is located on the slope of S74-6 volcanic cone, well S743(Es 3 ) is an effusive reservoir, maturities of samples in shallow igneous reservoir(Es 1 ) are higher than that in deeper normal one (Es 2 ), maturity of Es 3 samples from igneous reservoir are higher than that from normal reservoirs in Linnan oilfield.
RESERVOIR ROCK CHARACTERISTICS
Igneous rocks are characterized by the abundance of pores and fractures and can be classified into primary and secondary genesis. The primary type usually forms during the condensation, crystallization and diagnesis of magmas. The secondary type was produced by the hydrothermal alteration, corrosion of ground water and tectonic stresses.
6.1. Primary fracture and pores 6.1.1. Primary fracture Primary fractures are produced either by contraction, dehydration and mineral phase transition during condensation and crystallization of magmas, or by the upwelling of late stage magma into the solidified or unsolidified lavas formed earlier (Liu et al., 462 Formation mechanisms of Paleogene igneous rock plays in Huimin Sag, eastern China 2003). Continuous and large-scale basalt eruptions underwater in Shanghe and Yuhuangmiao areas produced many steeply dipping cracks and dilational microfactures vertical to the surface of igneous body (Fig. 5a ).
Vesicular structure
During magma crystallization, H 2 O, CO 2 , and other volatile components can be exsolved from the magma and vesicles may be produced (Norton and Cathles, 1973; Wang and Zhou, 1982; Sruoga and Rubinstein, 2007) . Vesicular structures are widely developed in basalt and basalt pyroclastic rocks. The Mesozoic and Cenozoic basalt magmas were abundant with volatile components, producing 10%-30% vesicles in basalt which subsequently became reservoir space. However, vesicles were more commonly filled by secondary minerals in the post-eruption process which formed amygadaloidal structures and lowered the reservoir quality.
Inter-breccia pore
The inter-breccia pores refer to those formed by mutual contacts of volcanic breccias and mainly developed in explosive facies (Luo et al., 1996) . The igneous rocks of Es and Ed in Shanghe and Yuhuangmiao areas are mainly composite volcanic cones, caused by volcano explosion. The breccias granary pores and fissures were well developed in unwelded breccias irregularly, with 0.1-2 mm in radius and 20-30% of total porosity, and were prone to be filled by calcite and silicon (Fig. 5b) . 
Intergranular pore

Intercrystal and intracrystal pores
Intercrystal and intracrystal pores form during the crystallization of mineral and commonly occur inside the rock phenocrystals and among the matrix microcrystals with irregular appearances. The pores are more developed with the higher degree of crystallinity. In the middle-lower parts of thick basalt and the center of the diabase intrusive body, degree of crystallization is high with coarse particle texture and abundant intercrystal and intracrystal pores, up to 30-60 µm of pore radius (Fig. 5c ).
Secondary fractures and corrosion space 6.2.1. Structural fractures
Structural fractures refer to those deformation fractures caused by tectonic stress variations in conjugated "X"-shaped or en echelon-shaped appearances (Fig. 5d) . Structural fractures are generally straight, sometimes extensional and oriented with scratches or mirror surfaces. Structural fractures are mainly 15 mm in width and they are favorable sites for reservoir formation.
Corrosion space
Influenced by water and organic acid, some minerals (e.g. pyroxene, feldspar, carbonate and zeolite minerals) in igneous rocks are corroded or removed to produce secondary corrosion spaces, such as solution cavity, solution void, dissolved intercrystalline and intraecrystalline pore, dissolved pore, secondary mineral pore and corroded micro-fracture (Fig. 6 a, b, c) . Corrosion spaces mainly occur in weathering-leaching and underwater activity zones, usually overlay with abundant fracture zones (Fig. 6d) . In the Huimin Sag, basite, especially basalt consists of many components easily to be corroded, which can produce pores 0.05-5.0 mm in radius. Large crystalline dissolved pores in pyroxene and amphibole, small dissolved pores in feldspar, intercrystalline and intraecrystalline dissolved pores in biotite and dissolved pores in ankerite are well developed (Zhou, 1987) . The corrosion spaces improve the porosity and permeability of the reservoir as demonstrated by the hydrocarbon reservoir in diabase intrusive body penetrated by well X38. 
HYDROCARBON ACCUMULATIONS IN IGNEOUS ROCKS TRAPS 7.1. Magmatic activity and hydrocarbon migration 7.1.1. Migration dynamic
During the magmation, associated with the abnormal heat flow brought by magma intrusion and eruption, aquathermal pressuring and hydrocarbon generation resulted in dramatically rising of fluid pressure in source rocks which accelerated hydrocarbons to be expulsed (Wan and Jin, 2003) . On the other hand, the abnormal pressures could have enlarged the primary fractures and connected the deep and shallow horizons, driving the deep fluids migrate to shallow horizon under instantaneous high pressure (Meng et al., 2003) .
Migration pathway
Widely-spread igneous rocks might have acted as a favorable vertical pathway for hydrocarbon migration (Fig. 7a) . Volcanic eruption in the Huimin Sag were weathered and eroded for a long time during the eruption, resulting in abundant unconformity surfaces at lava intervals of different stages and providing migration pathway inside igneous rocks. Magma intrusion and eruption destroy the integrity of stratigraphy and produce many auxiliary faults and fissures. Contraction, replacement and later hydrothermal activity of intrusion also can cause the development of fractures and pores both inside and outside the intrusion body. Such as the two sets of cyclic and radial faults developed near crater and volcano slope due to the upwelling and eruption, were both favorable migration pathways.
Magmatic activity and hydrocarbon preservation 7.2.1. Volcanic rocks as seals
In the case that a fracture-free igneous body intruded in or penetrated permeable sedimentary beds, the intrusive rocks would have blocked the movement of hydrocarbons in the permeable beds, resulting in the accumulation of the hydrocarbons outside the boundary of the intrusive body (Wu et al., 2006) . A typical laterally sealed-type reservoir is close to well Sh56 in the Huimin Sag, where the reservoir beds are the Es 3 sandstones and are sealed by a diabase dike in the upper side (Fig. 7b) . In contrast, the sandstones of the same formation without sealing by the diabase dike are devoid of commercial oil and gas (Li, 1997) . When the intrusion occurred horizontally, parts of the intrusive rocks may act as seals which occurred several times in Es 2 diabase sill in Linpan area. A good example is the Lin 8 reservoir in the Huimin Sag (Li, 1997) . This reservoir occurs at depths between 1,617 m and 1,768 m, part of it being capped by a diabase layer. Light oil is only found under the diabase and is almost absent below the Neogene mudstones, which indicates that the diabase is a more effective cap rock than the mudstones.
Diverse reservoirs caused by magmatic activity (1) Diaper arch trap
The upwelling of an intruding magma can cause doming of its upper-wall stratas. Some stock-like intruding magma can penetrate part of sedimentary seals and bend them upwards to form laterally sealed traps. The diaper also can induce tensile faults in upper strata to form faulted nose-like structures or fault sealed traps. Nearly 100-m-thick intrusive rocks intrude into lower part of Es 3 in well Sh13 reservoir, producing arch traps of upper part of Es 3 and Es 2 for hydrocarbon accumulation (Fig. 8a) . The same traps are developed in Sh56, Sh74 and X14 well blocks. (2) Overlap trap in volcano slope During the intermittent eruption or post-magmatic activity, sandstones and mudstones towards crater were deposited along the bottom of the volcano slope, forming the overlap traps of sandstone. Eruption gave rise to suitable water depth, temperature and abundant nourishments for the growth of organism. Ancylus fluviatilis limestones were deposited at the slope of Sh58 volcanic cone (Fig. 8b) , which overlay and pinched toward the top of volcanic cone, and, formed a volcanic cone hydrocarbon trap mainly composed of reefs (Cao et al., 1999) . (3) Drape anticline trap on the volcanic cone After the ceasing of magmatic activity, sandstones and mudstones were deposited on the volcano cones or lava tablelands in a drape pattern, and formed drape anticlines under the effects of differential deposition and compaction. In X8 well block, dark mudstones and sandstones of delta front facies with 20 m and 40 m in thickness, respectively, were deposited on the volcanic ridge (Es 3 -Ed) and formed a drape anticline trap with gas cap and common oil-water contact (Fig. 8c) .
MODELS OF IGNEOUS ROCK PLAYS
In contrast to sedimentary reservoir, igneous rock reservoir is generally characterized by limited distribution, low porosity and permeability, and secondary spaces. The requisite conditions for igneous rock plays include development of effective source rocks, reservoir quality, migration pathways, matching relation of source rock and igneous rock reservoirs in time and space (Yang et al., 2005) . According to these controlling factors, five types of models for oil plays in relation to igneous rocks in the Huimin Sag are proposed. 
Volcaniclastic hydrocarbon play with exterior source rock
The volcaniclastic hydrocarbon play with exterior source rocks occurs in the Central Uplift of the Huimin Sag. The Sh74-6 and Sh551 volcaniclastic hydrocarbon reservoirs are typical examples. In this model, reservoir rocks consist of Es 1 -Ed volcanic breccias and tuffs. The reservoir is mainly composed of intergranular and inter-breccia pores and subordinate secondary fractures associated with faults. The reservoir quality is controlled by igneous lithofacies. Volcano slope is the most favorable target and upper crater is the next. Hydrocarbon was sourced from Es 3 source rocks in the Linnan oil-generating subsag, and migrated vertically through faults and igneous massif. After the deposition of Ed and Ng, lithological and fault-lithological traps formed (Fig. 9a). 
Diabase hydrocarbon play within source rock
Typical examples are in X38 and Sh741 well blocks. The reservoir rocks are tuffs of intrusive facies in the late Es 3 . The reservoir is mainly composed of issures and subordinately solution voids and vesicles. Igneous rock reservoir quality is controlled by lithofacies, fault activity and post deformation. The parts with tense tectonic fault activity and flexural deformation in center of intrusive rock facies are the best targets. The tuff hydrocarbon reservoirs in Sh741 well block produce more oil yields than in X38 well block for their larger deformation and more developed tectonic fractures induced by Linshang Fault nearby. The igneous rocks intruded into the excellent source rocks of middle-lower Shahejie Formation and accelerated the hydrocarbon generation by its abnormal heat flows. Hydrocarbons migrate laterally and vertically inside the intrusive rocks through its margin and contacts with faults. Oil/source correlation indicate that hydrocarbons was provided by the surrounding source rocks (Li, 1994) . Coordinated with the surrounding Es 3 dark mudstones, diabase reservoirs formed prior to the stage of hydrocarbon generation, becoming a potential exploration targets (Fig. 9b) . 
Diabase hydrocarbon play with exterior source rocks
This model is developed upon the second model with upper parts of Es 3 and Es 2 as the most. Typical example is the tuff hydrocarbon reservoir in L41-10 well block. Like the second model, the reservoir rock is diabase of intrusive facies, while the intrusive time was Es 1 -Es 2 . The reservoir is composed of mainly fissures and subordinate solution voids and vesicles. Reservoir quality is controlled by lithofacies and tectonic intensity. Due to the absence of organic acid, erosion is less than that of the second model and erosion pores are underdeveloped. Hydrocarbon generated by the middle-lower Es 3 source rocks underlying the diabase migrated upwards along the faults. Es 1 acted as the regional seal. Diabase reservoirs formed prior to the stage of hydrocarbon generation, becoming a potential exploration target (Fig. 10a) . 
Basalt hydrocarbon play with exterior source rocks
The reservoir rocks of this model are basalts of overflow facies developed in Ek (Paleogene Kongdian Formation) and Es 4, distributing at the marginal slope of the subsag and the margin of the low arch. Basalts are exposed to the surface for longterm weathering-leaching, which significantly reduced the reservoir quality by filling of the primary pores and secondary fissures. Oil was supplied by the near hydrocarbon-generating subsag and migrated distantly into traps through unconformities and faults. Due to the occurrence of unconformity on the basalt, the sealing capacity is poor (Fig. 10b) .
Basalt hydrocarbon play with mixed source rocks
As reservoir rocks, basalts occur inside the Es 3 dark mudstones of the fracture belts and fault terraces, locating at the marginal slope of subsags. The reservoir is characterized by the primary vesicles, structural fractures and corrosion pores. The occurrence of favorable reservoir facies is controlled by volcanic lithofacies, tectonic movements and weathering-leaching. Influenced by the volcanism, the Es 3 source rocks reached the threshold of hydrocarbon generation in advance. Oils originated from Es 3 surrounding source rocks and migrated distantly, trapped in the basalt reservoir. Regional unconformities and faults act as the migration pathways, and dark mudstones surrounding around the basalts as perfect seals. Due to the multi-stage volcanism, source rocks were thermally deteriorated and migration pathway was damaged, resulting in the low oil-bearing of this model developed in Yuhuangmiao area (Fig. 10c) .
CONCLUSIONS
The Huimin Sag is an enriching area of igneous rock plays. Volcanism, which especially occurred in Es 3 phase, enhanced the formation of Es 3 superb source rocks with high TOC in the distribution areas of igneous rocks, caused an abnormal heat flow field and accelerated the maturation of hydrocarbons in the source rocks. The igneous rock reservoir space consists of primary space formed by condensation, crystallization and diagnesis of magmas and secondary space produced by hydrothermal alteration, corrosion of ground water and tectonic stresses. Volcanism also provided migration dynamic, migration pathway, seals and produced diverse traps for hydrocarbon accumulation. According to the anatomy of typical igneous rock hydrocarbon reservoirs, five generalized models for the formation of igneous hydrocarbon plays in the Huimin Sag are proposed.
